I. Introduction
Lower extremity movements of excessive eversion and tibial rotation have been associated with various running injuries (Clement el al., 1981; James et al., 1978; Segesser and Nigg, 1980 ; Viitasa lo a nd K vis!, 1983; van Mechelen, 1992) . F urthermore, movement coupl ing between the foot and shank, which resu lts in the tibia rotating in ter nally between touchdown and midstance, has recen tly been associated wit h running injuries Stergiou, 1996; McClay and Manal, 1997 ).
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Foot orthoses and shoe sole modifica tions have been proposed to reduce excessive movements of foot and shank Bates et al., 1978; Clarke et al., 1984; Segesser and Nigg, 1980; van Woense1 and Cavanagh, 1992; Nigg and Morlock, 1987; Milani et al., 1995) . Most of these st udies used a two-dimensional analysis tha t has been shown to be affected by the align ment of the foot wi th respect to the camera (Areblad et aI., 1990) . Addit ionally, the majori ty of these studies used shoe-and ski n-mounted markers that are known to overestimate the skeletal movements (Ca ppozzo et al., 1996; Reinschmid t et al ., 1997) . Thus, the results of these studies may not have reflected the kinematics of the underlyi ng bone.
Running wit h shoes may change foot a nd leg kin ematics compared to ru nning barefoot. Hence, barefoot ru nning is oft en looked upon as the baseli ne for normal ru nning (Clarke el al., 1984) . In ba refoot running the fool has been shown to invert less at touchdown and to have decreased maximum eversion velocity and total eversion compared to shod running Staco! et al., 1991; Vagenas and Hoshizaki, 1992) . Thus, tibial rotations may be assumed to be decreased in barefoot running compared to shod running (assuming that move ment coupling in barefoot and shod running does not di!er). Consequently, it may be suggested that barefoot running could lead to fewer running injuries than shod running, provided there are no additional injuries from the lack of foot protection. To date, tibial rotation of barefoot running has not been documented in the litera ture and the suggestion about possible advantages and/or disadvantages of barefoot running lacks informa tion on the skeletal movement during barefoot or shod movements, possible changes in muscle activity and epi demiological data.
The purpose of this study was to quantify three-dimen sional skeletal movement di!erences between barefoot and shod running using markers "xed to bone pins during the stance phase of running. Skeletal movements of barefoot running are expected to show decreased total calcaneal eversion, decreased total tibial rotation, and unchanged tibiocalcaneal coupling.
Methods

General project description
The experiments were performed in the Department of Orthopaedics, Karolinska Institute at Huddinge Univer sity Hospital, Stockholm. The experiments were ap proved by the Ethics committees of the Karolinska Hospital and The University of Calgary. The experi mental set-up, test procedure, data analysis and data reduction have already been described earlier (Rein schmidt, 1996; Reinschmidt et al., 1997; Staco! et al., 2000) .
Brie#y, "ve healthy male volunteers, all injury free with no previous injury history that might in#uence their locomotion patterns, participated as test subjects (28.6$4.3 yr, mass 83.4$10.2 kg and height 185.1$4.5 cm) with clinically normal feet. Intracortical Hofmann pins with re#ective marker triads were inserted under standard local anesthetic which was active for 2}3 h, leaving enough time for the experiments. The sub jects gave their informed consent to participate in the study and performed heel-toe running trials at a speed between 2.5 and 3.0 m/s. To accustom to the conditions the subjects performed several trials before testing. The runway was 9.35 m long, allowing a 4.35 m run-up to the "lming area and enough room to continue and stop. Test trials were repeated if the subjects missed the "lming area and/or if they obviously changed their gait pattern. Three high-speed cine cameras (LOCAM) were placed around a force platform (KISTLER) mounted #ush to the run way. The camera speed was set at 200 Hz and three LED's, triggered by a threshold detector connected to the force plate, were used to synchronize the cameras. A cal ibration frame with six control points (0.5x0.5x0.5 m3 ) was used for the three-dimensional reconstruction.
Test conditions, shoes and orthoses
The tests were performed barefoot, with a normal test shoe and with "ve modi"cations of the normal test shoe. The normal test shoe (Adidas Equipment Cushioning) had a dual density midsole of Shore A 35 on the lateral and Shore A 45 on the medial side and a standard insert which was assumed to have no mechanical support for the foot. The standard insert was exchanged with two orthoses, one anterior to support the foot arch and one posterior to support the sustentaculum tali of the cal caneus. The remaining three modi"cations concerned the shoe sole which was changed to a single density midsole (Shore A 45). The lateral heel #are was modi"ed with a wide #are, a neutral #are and a rounded sole. The outer sole consisted of a hard rubber sole of Shore A 65. The di!erent shoes and orthoses used have been explained in Staco! (1998) and Staco! et al. (2000) . Each test condi tion was repeated three times, respectively (except for the normal shoe condition with "ve repetitions). The subjects performed a total of 23 running trials. All shoe heel counters had a lateral cutout to prevent impingement with the calcaneal bone pin during running as described previously.
Data analysis and reduction
KineMat, a set of programs written in MATLAB™ , was adapted from for the speci"c needs of this investigation. The programs served to re construct the three-dimensional marker positions and to calculate the relative segmental movements. The barefoot standing trial was used as the neutral position to de"ne the segment-"xed coordinate systems of the calcaneus and tibia (Reinschmidt et al., 1997) . For that purpose the subjects were instructed to stand with straight knees, the ankle in neutral position of 903 dorsi#exion and the feet aligned parallel to the force platform representing the laboratory coordinate system. This procedure made pos sible errors (e.g. kinematic cross-talk) systematic within each subject and allowed the comparison of di!erent test conditions. Kinematic cross-talk between calcaneus and tibia was estimated to be in the order of $13 (Staco!, 1998) . Rotations between segments were calculated as Cardanic angles for the stance phase of all test conditions using a joint coordinate system approach (JCS) at the ankle joint complex, with the de"ned sequence of rota tions of plantar/dorsi#exion about a tibia "xed medio lateral axis, calcaneal ab/adduction about the #oating axis, and in/eversion about the antero-posterior axis of the calcaneus . Tibial rotation was calculated using the sequence: tibial rotation about a tibia "xed proximal}distal axis, in/eversion about the #oating axis, and plantar/dorsi#exion about a calcaneus "xed medio-lateral axis .
The accuracy of the spatial reconstruction between two marker triads was determined twice: (i) based on the residuals of the DLT equations averaged over the entire stance phase and was found to be in the order of $43 (including noise error and lens distortion error, and (ii) based on the deviations of the inter-marker distances of the same trials where the mean error (RMS) was found to be $1.03 (including noise error only). Thus, for the present study, a realistic estimation of the error was likely between the two errors given above.
Dexnitions of variables
In/eversion and tibial rotation variable de"nitions are explained in Table 1 and in Reinschmidt et al. (1997) and Staco! et al. (2000) . The variables were de"ned between touchdown and midstance of running. The inversion positions at touchdown (f o , and P o ) were considered to detect possible adaptations to shoe interventions before touchdown. Excessive eversion (i.e. f and !f ) has max max been suggested to force the Achilles tendon to bend laterally, hereby producing an asymmetric stress distri bution across the tendon which could lead to Achilles tendon problems (Clement et al., 1981) . Excessive ever sion velocity fQ max has been associated with medial tibial stress syndrome (Segesser and Nigg, 1980; Viitasalo et al., 1993) . Excessive tibial rotation (!P ) has been asso max ciated with changes in the tracking of the patella which may be related to the occurrence of the patellafemoral pain syndrome (Stergiou, 1996) . Movement coupling at the ankle describes how much movement occurs about the tibia "xed external/internal axis relative to the simul taneous rotation about the calcaneus "xed eversion/in version axis). The coupling coe$cient was de"ned as the ratio of total internal tibial rotation over total eversion. This coe$cient has been used in previous in vitro studies (Olerud and Rosendahl, 1985; Hintermann, 1994) and in-vivo studies (Lundberg, 1989; Nigg et al., 1993; McClay and Manal, 1997) . Movement coupling at the ankle has been described to be dependent on vertical loading, plantar/dorsi#exion, ligament integrity, and musculo-tendon forces (Hintermann, 1994) . Thus, in contrast to a rigid Table 1 De"nition and functional explanation of the study variables. The shoe variables were de"ned accordingly
Variable
Symbol De"nition Justi"cation
• Touchdown in/eversion
• Touchdown tibial rotation
• Maximum eversion
• Total eversion
• Maximum eversion velocity
• Maximum internal tibial rotation
• Total internal tibial rotation
• Max. internal tibial rotation velocity f o In/eversion position of calcaneus (relative to tibia) and tibial rotation position (relative to calcaneus) at touchdown
Maximum eversion velocity of calcaneus between 10 and 40% of ground contact P Maximum internal tibial rotation (relative max to calcaneus) during ground contact !P "P !P o max max P Maximum internal tibial rotation velocity max between 10 and 40% of ground contact
• Shoe modi"cations may a!ect calcaneal and tibial position before touchdown changing the initial conditions
• Excessive eversion has been associated with Achilles tendon problems
• Excessive eversion velocity has been associated with medial tibial stress syndrome
• Excessive eversion transferred to excessive internal tibial rotation
• Excessive tibial rotation has been associated with patella-femoral pain syndrome
• Excessive eversion velocity transferred to excessive internal tibial rotation velocity mechanical gear, movement coupling at the ankle is likely to be non-rigid during the stance phase of running. The testing procedure was organised such that test conditions were independent of each other. All variables of the present study were found not to contradict the assumption of normal distribution performing the Kolmogorov}Smirnov test over all 115 trials.
Results
The results are presented in two parts: Section 3.1 gives a comparison between barefoot and shod running using the `normala shoe, and Section 3.2 deals with a similar comparison using all shoe modi"cations.
Barefoot versus shod running
Eversion and internal tibial rotation took place from touchdown until midstance, and inversion and external tibial rotation took place from midstance to take-o! in all subjects. Fig. 1 shows the mean curves of the barefoot and shod condition. The movement patterns were found to be consistent over trials, varying about $13 between trials (Reinschmidt et al., 1997; Staco! et al., 2000) . Movement coupling for the barefoot and shod was found to be similar (Fig. 2) .
Interindividual di!erences in total calcaneal eversion and total internal tibial rotation during ground contact between shod and barefoot running were found to be small (around 13) and not systematic (Fig. 3) .
Barefoot versus shoe modixcations
The comparison between barefoot and shod running including all orthotic and shoe sole modi"cations showed a few subtle di!erences:
Touchdown: The calcaneus position at touchdown was inverted except in two trials of subject 3 (see Table 2 of the appendix). In barefoot running the subjects tended to show less inversion on average compared to shod run ning. Inversion varied across subjects up to 103. The position of the tibia at touchdown was inconsistent across subjects, i.e. externally rotated in subjects 1 and 2, internally rotated in subjects 3 and 4 and varied in subject 5. The mean di!erences between the shoe condi tions were between 1 and 33, in contrast to the di!erences between the subjects which were up to 73.
Maximum and total movement: Di!erences between shoe conditions were found to be small (in the order of 1}33) and inconsistent across the "ve subjects. Total barefoot eversion was found to be very similar to total shod eversion (because the slightly increased maximum ever sion was compensated by a smaller touchdown inver sion). Internal tibial rotation di!erences were small, in the order of 1}33 and inconsistent over the "ve subjects. The di!erences between the subjects were up to 73; the barefoot versus posterior orthosis being the largest di!er ence on average.
Maximum velocity: Barefoot running showed a lower eversion velocity on average compared to shod running. In some subjects maximum eversion velocity was in creased over 1003/s for the #ared and round shoe condi tion. The slowest internal tibial velocity was that of the posterior orthotic shoe condition.
Movement coupling between the calcaneus and tibia: The coupling coe$cient between the barefoot and shod con ditions was unsystematic across subjects. With shoes two subjects showed a decreased coupling ratio (subjects 1 and 2), one an increased ratio (subject 3) and two inconsistent results (subjects 4 and 5). The coupling coef "cients over all test conditions were subject dependent and varied between 0.4 to 0.5 (subject 3) and 0.9 to 1.0 (subject 5). All subjects, except subject 3, showed de creased coupling with the posterior orthosis compared to barefoot running.
Discussion
The purpose of this study was to quantify the di!er ences in calcaneal and tibial movements during ground contact for running barefoot, with a normal shoe, and with shoe modi"cations. Previous investigations sugges ted that total eversion and total internal tibial rotation for barefoot running would be smaller than for running with shoes. These suggestions, could not be con"rmed. The results showed that the di!erences in the study variables of eversion and tibial rotation (Table 1) be tween barefoot and shod running were small and not systematic across subjects. The di!erences between sub jects were larger than the di!erences between shoe and barefoot conditions, despite possible measurement errors (see Section 2). Furthermore, it was found that movement coupling between calcaneus and tibia was only minimally a!ected by normal shoes, shoe sole modi"cations and orthoses (with the exception of the posterior orthoses).
The investigation was limited by the fact that the test shoes had a cutout in the lateral heel counter that was necessary to prevent impingement with the calcaneal bone pin and that local anesthesia was applied at the bone pin insertion sites. However, there is evidence (Reinschmidt et al., 1997; Staco! et al., 2000) that these factors did not substantially in#uence the kinematics during testing.
Barefoot versus shod running
Previous studies using skin and shoe mounted markers have shown substantial and signi"cant di!erences be tween barefoot and shod running with respect to foot eversion Staco! et al., 1991; Vagenas and Hoshizaki, 1992) . However, these results can not be supported by the present study. The di!erences in cal caneal eversion between barefoot running and running with normal shoes were small and not systematic. The same result was found for internal tibial rotation and for movement coupling. Consequently, it is suggested that previous studies described the movements of the shoe and/or skin and did not re#ect the movement of the underlying bone.
Barefoot versus shoe modixcations
Extreme shoe modi"cations were the #ared and the round shoe soles which showed an increased maximum eversion velocity in all, but subject 3. Both of these shoe sole conditions were unusual. The #are of the sole was 203 lateral (about twice that of an average running shoe) which may have acted as a lever that forced the foot into eversion. The round shoe sole may have acted as a ramp as a result of the combination of the round sole geometry and the hard outer sole. Another extreme shoe modi"ca tion was the posterior orthosis which showed the largest reduction in eversion compared to barefoot running. This suggests, that only extreme shoe modi"cations may a!ect tibiocalcaneal movement patterns during running. Normal shoes, or less extreme changes, like those in the anterior orthosis and the straight shoe condition, seem not to a!ect the kinematics measured on the bone level. The results of this study were achieved with clinically normal feet. However, McClay and Manal (1997) showed that the coupling at the ankle may depend on the foot type (normal versus pronator). Thus, it can be argued that kinematic responses of shoe sole modi"cations may be changed when feet of di!erent types are tested. Fur thermore, it is suggested that the results of the present study may be di!erent if higher forces were acting (e.g. at higher running speeds or during cutting movements) and consequently, the e!ect of the shoe modi"cations would be more prominent.
Interpretation of movement coupling
The movement coupling coe$cient ¹ �™ is the variable used to describe the coupling mechanism between cal caneal eversion and tibial rotation (Fig. 4) . All subjects, except subject 3 (possibly due to inaccurate touchdown data, see Fig. 1 ), showed a decreased coupling ratio with the posterior orthosis compared to barefoot running. The individual di!erences of the average coupling ratio varied considerably between subjects which suggests that each subject had a di!erent and distinct tibiocalcaneal coup ling mechanism.
The present coupling coe$cients compare well with those of the in vitro studies by Olerud and Rosendahl (1985, coe$cient 0.42) and Hintermann (1994;  coe$cient 0.74), but are larger than those of the in vivo study by Lundberg (1989, coe$cient 0.2) . Studies using shoe and skin-mounted markers reported average coe$cients of 0.76 0.72 (McClay and Manal, 1997) . Thus, when comparing the coe$cients between studies methodological discrepancies must be kept in mind.
Summary
This in vivo study showed that bone movements dur ing barefoot running are generally very similar to those inside typical running shoes. The normal shoe condition showed no di!erence relative to barefoot running in either of the test variables. The results of this in vivo study are in contrast with previous investigations using skin and shoe-mounted markers, and suggests that these discrepancies may be the result of the overestimation with externally mounted markers.
The posterior orthosis showed the largest di!erences to barefoot running in several variables. It is concluded that, measured at the bone level, calcaneal and tibial movement patterns do not di!er substantially between barefoot and shod running. However, di!erences may occur during midstance when extreme shoe modi"ca tions (i.e. posterior orthosis) are used.
Future studies in the area of running research may consider the following thoughts: In the present study no information about possible muscular activity changes was collected. However, muscular activity is thought to modulate movement patterns during gait (Zernicke and Smith, 1996) which may produce subtle kinematic changes. Some evidence for this argument is provided by Fromme et al. (1997) , who showed that pronation during running is increased over time with increasing fatigue and by Feltner et al. (1994) who demonstrated that strength training can reduce total eversion signi"cantly after eight weeks of training. Therefore, shoe modi"ca tions may a!ect muscular activity and thus lead (over time) to a shift of internal loading towards tissues which have been associated with running injuries. Thus, future studies should try to reveal muscular activity changes as a result of systematically designed shoe modi"cations and should take into account that one speci"c shoe modi"cation can result in a variation of individual ef fects. At the present time it is hypothesised that there are groups of subjects that react to shoe modi"cations in a similar way. It is suggested that further studies attempt to identify these groups and their characteristics during gait.
